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Abstract  
This paper is aimed at investigating the effect of web openings on the plastic bending behaviour and section moment 
capacity of a new cold-formed steel beam known as LiteSteel beam (LSB) using numerical modelling. Different LSB 
sections with varying circular hole diameter and spacing were considered. A simplified but appropriate numerical 
modelling technique was developed for the modelling of monosymmetric sections such as LSBs subject to bending, and 
was used to simulate a series of section moment capacity tests of LSB flexural members with web openings. The buckling 
and ultimate strength behaviour was investigated in detail and the modeling technique was further improved through a 
comparison of numerical and experimental results. This paper describes the simplified finite element modeling technique 
used in this study that includes all the significant behavioural effects affecting the plastic bending behaviour and section 
moment capacity of LSB sections with web holes. Numerical and test results and associated findings are also presented. 
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1. Introduction 
The new LiteSteel Beam (LSB) is an innovative cold-formed steel hollow-flange section recently developed by 
Australian Tube Mills (ATM) (see Table 1). The LSB section has found increasing popularity in residential, industrial and 
commercial buildings not only due to their light weight and cost effectiveness, but also due to their beneficial 
characteristics of including torsionally rigid flanges combined with economical fabrication processes. The LSB sections 
can be used as flexural members, truss members and studs in many building systems. Currently there is significant interest 
in using LSB sections in floor joist systems as flexural members. When used as floor joists, the LSB sections require holes 
in the web to provide access for inspection and various services. However, the effect of web holes on the plastic bending 
behaviour and section moment capacity of LSB sections is not known and hence appropriate design rules are not 
available. 
 
Table 1 Available LSB Sections 
Depth 
Flange 
Width 
Flange 
Depth 
Thickness Corner Radius 
LSB Section 
D (mm) bf  (mm) df (mm) t (mm) ro (mm) riw (mm) 
300x75x3.0 300 75 25.0 3.00 6.0 3.0 
300x75x2.5 300 75 25.0 2.50 5.0 3.0 
300x60x2.0 300 60 20.0 2.00 4.0 3.0 
250x75x3.0 250 75 25.0 3.00 6.0 3.0 
250x75x2.5 250 75 25.0 2.50 5.0 3.0 
250x60x2.0 250 60 20.0 2.00 4.0 3.0 
200x60x2.5 200 60 20.0 2.50 5.0 3.0 
200x60x2.0 200 60 20.0 2.00 4.0 3.0 
200x45x1.6 200 45 15.0 1.60 3.2 3.0 
150x45x2.0 150 45 15.0 2.00 4.0 3.0 
150x45x1.6 150 45 15.0 1.60 3.2 3.0 
125x45x2.0 125 45 15.0 2.00 4.0 3.0 
riw
ro
ro
ro
robf
df
d
df
tθ
 125x45x1.6 125 45 15.0 1.60 3.2 3.0 
 
The lateral distortional buckling behaviour and the member moment capacity of LSB sections with circular web 
holes were investigated using an extensive series of lateral buckling tests (Pokharel and Mahendran, 2006a) while their 
section moment capacities were investigated using plastic bending tests (Pokharel and Mahendran, 2006b). Pokharel and 
Mahendran (2006c) and Seo and Mahendran (2008) have undertaken numerical studies of the lateral buckling behaviour 
of these sections, but not their section moment capacities. This paper presents a description of a simplified finite element 
model of LSB flexural members with circular web holes to simulate their section moment capacity tests, undertake further 
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parametric studies and to develop suitable design rules for LSB floor joist systems. Based on the comparison of 
experimental and numerical results, a suitable numerical model has been developed to predict the section moment 
capacities of LSB flexural members with web openings. Details of the numerical study of the section moment capacity of 
LSB floor joists with web openings are presented first followed by the results and a comparison of experimental and 
numerical results. Suitable recommendations are then made in relation to the adequacy of current design rules. 
 
2. Numerical Model  
A simplified finite element model representing the section moment capacity tests of Pokharel and Mahendran (2006b) 
was used to investigate the structural behaviour of LSB sections with web openings. This model therefore simulated as 
close as possible the test specimen details and the loading and support conditions as used in the experimental study. Brief 
details of Pokharel and Mahendran’s (2006b) tests are given next for this purpose. The LSB cross-section geometry of the 
simplified finite element model was represented by the centreline dimensions based on the nominal external dimensions 
given in Table 1.  However, the corner radius was not included in the analyses. The finite element modelling was carried 
out using MSC/PATRAN pre-processing facilities using which the model was created and then submitted to ABAQUS 
(HKS, 2007) for the analysis. The results were also viewed using MSC/PATRAN post-processing facilities. 
 
2.1 Section Moment Capacity Tests 
Pokharel and Mahendran (2006b) conducted 12 section moment capacity tests for three LSB sections (200x45x1.6, 
250x60x2.0, 300x60x2.0) with various circular web hole configurations. These sections were chosen as they are more 
likely to be used in floor joist systems. Measured dimensions of these sections are given in Table 2. Test beams made of 
back to back LSBs were simply supported at the ends with a span of 3250 mm and were laterally restrained. They were 
loaded with two transverse loads at third points of the beam span, producing a uniform moment between the loading 
points, ie. over a length of 1083 mm as shown in Figures 1 and 2.  
 
Table 2 Measured Dimensions of LSB Sections used in the Experiments of Pokharel and Mahendran (2006b) 
Thickness 
t (mm) Test Section 
Depth 
d (mm) 
Flange width 
bf  (mm) 
Flange Web 
Flange Depth 
df  (mm) 
200x45x1.6 LSB 200 45 1.75 1.67 15 
250x60x2.0 LSB 250 60 2.10 2.00 20 
300x60x2.0 LSB 300 60 2.15 2.00 20 
 
 
Figure 1 Section Moment Capacity Tests of Pokharel and Mahendran (2006b) 
 
Three different sizes of circular holes were considered in order to study the moment capacity of LSB sections with varying 
circular hole sizes. These sizes included circular holes with diameters of 60 mm, 127 mm and 170 mm. These holes were 
provided at different spacings for different spans of LSB sections. For LSB sections with 3250 mm span, the hole spacings 
chosen were 361.11 mm and 541.67 mm. The use of different sections, thicknesses, spans and web opening configurations 
provided many different parameters, thus enabling the investigation of laterally restrained buckling behaviour and section 
moment capacity of LSB sections with web holes covering all possible practical scenarios. Table 3 present the test 
specimen details and the section moment capacity results. Except for one test, these laterally restrained test beams failed 
due to local buckling and/or yielding effects. 
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2.2 Discretization of the Finite Element Mesh 
In finite element analyses, selection of mesh size and layout is critical. It is desirable to use as many elements as possible 
in the analysis. However, such an analysis will require excessive computer time and resources.  In this analysis, adequate 
numbers of elements were chosen for both flanges and web based on detailed convergence studies in order to obtain 
sufficient accuracy of results without excessive use of computer time and resources. Convergence studies indicated that an 
approximate element size of 5 mm × 10 mm (width × length) provided an accurate representation of the residual stress 
distribution, spread of plasticity, and local buckling deformations. Therefore an element size of 5 mm x 10 mm was found 
to provide suitable accuracy in the results for all the sections. The geometry and finite element mesh for a typical LiteSteel 
beam model with web openings is shown in Figure 3. To model the distribution of bending residual stresses in the 
cold-formed hollow flange beam sections and the spread of plasticity through the thickness of the shell elements, nine 
integration points through the element thickness were used. 
 
2.3 Material Model and Properties  
The ABAQUS classical metal plasticity model was used in all the analyses.  This model implements the von Mises yield 
surface to define isotropic yielding, associated plastic flow theory, and either perfect plasticity or isotropic hardening 
behaviour.  For the model used in this study, a simplified bilinear stress-strain curve with no strain hardening (i.e., the 
yield stress does not change with increasing plastic strain) based on the measured yield stress was used. Pokharel and 
Mahendran (2006b) conducted tensile coupon tests for the batch of LSB sections from which the beam specimens were 
taken for their section moment capacity tests. A total of 16 tensile coupons was taken from the web and inside and outside 
flanges of the LSB sections (Pokharel and Mahendran, 2006b) and tested according to the Australian Standard AS 1391 
(SA, 1991). The web and flange yield stresses obtained from tensile testing and were used in the finite element analyses.  
 
2.4 Loads and Boundary Conditions  
In the experiments of Pokharel and Mahendran (2006b), the four point loading method simulated a uniform moment 
between the loading points. Therefore a simplified experimental model was considered in this study to simulate the 
section moment capacity tests of Pokharel and Mahendran (2006b) (see Figure 2). Test specimens included a 70 mm 
width rigid plate at each support to prevent distortion and twisting of the cross-section and were also laterally restrained 
(see Figure 3a).  Therefore one side of the flanges was laterally restrained in the simplified finite element models to 
simulate the experimental conditions as close as possible.  
 
270.83 75270.836 holes (127 mm) @ 541.67 Centres75
P P
 
(a) Experimental model 
 
1083.34mm
 
(b) Simplified experimental model 
 
Figure 2 Simplified Model for Numerical Modelling 
 
To simulate a uniform end moment across the section, linear forces were applied at every node of the beam end, where the 
upper part of the section was subject to compressive forces while the lower part was subject to tensile forces. The required 
uniform bending moment distribution between the two loading points within the span was achieved by applying equal end 
moments using linear forces at the ends of the simplified model. 
The presence of symmetry permitted modelling of only half the span. For the present elastic and nonlinear finite 
element analyses the following boundary conditions were used where T[x, y, z] indicates translational constraints, and 
R[x, y, z] indicates rotational constraints about x-, y-, and z-axis, respectively; A “0” indicates constraint, and “-” indicates 
no constraint. The pin support at the end was modeled by restraining appropriate nodes degrees of freedom T [-, 0, 0] and 
R [0, -, -]. To simulate the symmetric conditions at mid-span, the following nodes degrees of freedom T [0, -, -] and R [-, 
0, 0] were restrained. In order to simulate the lateral restraint conditions at the two right hand flanges along the span, the 
following nodes degrees of freedom T [ - , -, 0] and R [ 0, 0, -] were restrained as shown in Figure 3. 
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(D = 127mm, S = 361.11mm)                                                 (D = 170mm, S = 541 mm ) 
(a) Isometric view 
 
Loading and support plane
Beam End 
Symmetric plane
Web
Lateral restrained flanges along to span  
 
(b) Plan view 
Figure 3 Applied Loads and Boundary Conditions for the Simplified FE Model (300x60x2.0 LSB)  
 
2.5 Initial Geometric Imperfections 
Mahaarachchi and Mahendran (2006) measured the magnitudes of initial geometric imperfections for each LSB test 
specimen using both a Wild T05 theodolite and an imperfection measuring equipment based on a laser sensor. Readings 
were taken at 100 mm intervals and along three lines in the longitudinal direction of the specimen in order to determine 
the initial crookedness and twist along the web and both flanges for each test beam. From their measurements, they 
indicated that the local plate imperfections were within the manufacturer’s fabrication tolerance limits (ie. less than web 
height/200) while the overall member imperfections were often less than span/1000. Based on the findings of 
Mahaarachchi and Mahendran (2006) and the AS 4100 fabrication tolerance for compression members (SA, 1998), a 
nominal local member imperfection magnitude of web height/200 was used in the finite element models. The critical 
imperfection shape was introduced by ABAQUS *IMPERFECTION option with the local buckling eigenvector obtained 
from an elastic buckling analysis, and therefore included local deformations and cross-section distortion. 
 
2.6 Residual Stresses 
The residual stresses in the new LSB sections produced using the latest dual welding and cold-forming technologies have 
unique characteristics. Mahaarachchi and Mahendran (2006) therefore conducted tests using the sectioning method to 
determine the residual stresses of LSB sections and developed an approximate residual stress model with both membrane 
and flexural type residual stresses. Recent residual stress tests of the LSB web elements (Seo et al. 2008) have shown that 
the membrane residual stresses were only 0.15fy and -0.15fy and not 0.60fy and -0.41fy as measured by Mahaarachchi and 
Mahendran (2006). It appears that the LSB manufacturer has improved the manufacturing process as the recently 
measured membrane stresses (Seo et al., 2008) are considerably smaller than those measured on LSBs about three years 
ago. Seo et al. (2008) undertook a sensitivity study to investigate the effect of residual stresses on the member moment 
capacity of LSBs and showed that the web membrane residual stresses had only a small effect. This implies that there may 
not be a need to further improve the manufacturing process to reduce the level of residual stresses in LSBs. The inclusion 
of web holes in LSBs is likely to reduce the web membrane residual stresses. Therefore, both membrane and flexural 
residual stresses were included in the finite element models used in this study except the web membrane residual stress. 
The idealized residual stresses were modelled using the ABAQUS *INITIAL CONDITIONS option, with TYPE = 
STRESS, USER. The user defined initial stresses were created using the SIGINI Fortran user subroutine. 
 
2.7 Comparison of Buckling and Failure Modes and Ultimate Moments 
For the simplified finite element model to produce the section moment capacity of LSB flexural members with web 
openings, it was necessary to verify the accuracy of the developed finite element models. This was achieved by comparing 
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the experimental results of ultimate section moment capacities of LiteSteel beams containing web holes from Pokharel 
and Mahendran (2006b). Twelve analyses were simulated on tested LSB sections with web holes to compare their 
bending behaviour and section moment capacities. Both the tests described by Pokharel and Mahendran (2006b) and 
finite element analyses reported here showed that most of the test specimens and finite element models failed in a similar 
manner. In the initial loading stages, the LSB behaviour was elastic. As the loading was increased, the test specimens and 
FE models failed due to top flange local buckling and yielding as shown Figures 4 and 5.  
 
     
(a)  Buckling Analysis                                       (b) Nonlinear Analysis 
   Figure 4 Local Buckling and Ultimate Failure of 250x60x2.0 LSB (Hole D =60 mm, S =361.11 mm) 
 
    
(a) Flange Buckling and Yielding           (b) Web Deformations            (c) Shear Failure Modes of Test Beams 
Figure 5 Failure Modes of Tested Beams (Pokharel and Mahendran, 2006b) 
 
Figures 4(a) and 4(b) show the typical elastic local buckling and ultimate failure modes obtained from the elastic buckling 
and nonlinear analyses based on the simplified finite element model of LSB members with web holes and a span of 1083 
mm. This agrees well with the corresponding elastic buckling and ultimate failure modes observed in the experiments of 
Pokharel and Mahendran (2006b) as shown in Figure 5. Earlier numerical study conducted by Pokharel and Mahendran 
(2006a) on LSB members with web holes showed that the ultimate failure mode was due to local web buckling and/or 
yielding for beam spans less than 2000 mm. However, they did not show the occurrence of local buckling failure of LSB 
members with web holes for the local buckling spans considered in this numerical study. 
 
2.6 Comparison of Ultimate Moment Capacities 
Before using the developed finite element model to obtain the section capacity of LSB sections with web holes subject to 
a uniform bending moment, it was necessary to validate it for non-linear analyses. This was achieved by comparing the 
ultimate moment results from the non-linear analyses of the simplified finite element model and the experimental tests 
described by Pokharel and Mahendran (2006b). Table 3 contains a summary of the ultimate section moment capacity 
results of the non-linear static analyses using the simplified finite element model, and a comparison of these results with 
the experimental test results provided by Pokharel and Mahendran (2006b).  
Figure 5(a) shows flange local buckling and yielding of a tested of LSB sections with circular web holes. The web 
elements of test specimens started deforming as the inelastic local buckling of top flanges continued with continuous 
application of vertical loads. Similarly Figure 4(b) shows that the web elements of simplified finite element model stared 
deforming as the inelastic local buckling of the laterally restrained top flanges continued with the application of vertical 
loads. Although this type of deformation in the form of web local buckling was observed in most of the test specimens and 
The 5
th
 International Symposium on Steel Structures 
March 12-14, 2009, Seoul, Korea 
913 
finite element analyses, it was more prominent in the LSB sections with relatively slender webs as shown Figure 5(b). In 
this test result (Figure 5(b), it can be seen that flange buckling caused the rotation of the corner of the top flange and web 
resulting in the web deformation. But in the simplified FE model, the top flange was always laterally restrained and this 
may have caused some differences between the ultimate moments from tests and finite element analyses. 
 
Table 3 Comparison of Ultimate Moment Capacities for LSB Sections with Web Holes from FEA and Experiments 
 
uM  (kNm) 
오류! 편집 중 필드 
코드에서는 개체를 만들 
수 없습니다. LSB Sections D 
(mm) 
S 
(mm) 
Exp. FEA Exp. FEA 
오류! 편집 
중 필드 
코드에서는 
개체를 만들 
수 없습니다. 
361.11 20.490 23.600 0.923 1.063 1.152 
60 
541.67 22.390 23.649 1.008 1.065 1.056 
361.11 20.680 22.417 0.994 1.077 1.084 
200x45x1.6 
127 
541.67 20.980 22.959 1.008 1.103 1.094 
361.11 46.030 43.821 1.089 1.036 0.952 
60 
541.67 48.880 43.821 1.156 1.036 0.896 
361.11 43.760 42.615 1.068 1.040 0.974 
250x60x2.0 
127 
541.67 44.980 42.695 1.098 1.042 0.949 
361.11 48.710 51.861 0.922 0.981 1.065 
127 
541.67 50.380 51.861 0.953 0.981 1.029 
361.11 35.790 50.518 0.699 0.987 - 
300x60x2.0 
170 
541.67 41.890 50.208 0.818 0.980 - 
      Mean 1.0251 
      COV 0.0778 
Note: My = First yield moment capacity of the LSB member based on net cross-section  
 
All the test specimens had adequate lateral restraints in order to avoid any unwanted failure mode due to lateral 
displacement and thus reached the full section moment capacity. But two test beams made of a slender LSB section 
(300x60x2.0) with larger circular web holes (170 mm diameter and both 361 mm and 541 mm spacing) failed due to shear. 
Figure 5(c) shows the shear failure mode of the slender LSB section with larger web holes. Hence their section moment 
capacities could not be determined from tests (see Table 3). However, the simplified finite element model was able to 
determine the section moment capacities of these two beams. 
The comparisons provided in Table 3 demonstrate that the simplified finite element model predicts the ultimate 
section moment accurately. As seen in this table, the results from FEA and experiments agreed reasonably well for all the 
LSB sections containing circular web holes. The mean and the corresponding coefficient of variation (COV) of the ratio 
of FEA and experimental ultimate moment capacities were found to be 1.0251 and 0.0778, respectively. 
Test and FEA results in Table 3 show that web hole spacing had an influence on the section moment capacity of LSB 
section. However, the section moment capacity of LSB sections with same web hole size but different spacing was found 
to be minimal (less than 8.5 percent for test and 2.5 percent for finite element analyses). 
To achieve the full section moment capacity of the beam, it is important that the test beam and the finite element 
model are not allowed to defect laterally. In Pokharel and Mahendran’s (2006b) investigation, an appropriate test span was 
selected to avoid any lateral deflections and to achieve the full section moment capacity. However, the possibility of small 
lateral movement during the test can not be ruled out as seen in Figure 5(b). But this problem does not arise in the 
simplified finite element model, which can therefore be used satisfactorily to predict the section moment capacity of any 
LSB flexural member with web holes. The simplified finite element model can be used for compact, non-compact and 
slender LSB sections to obtain their section moment capacity accurately. 
 
3. Comparison of Section Moment Capacities with AISI (2001) 
The section moment capacity (Ms) of flexural members is defined in Clause B.2 of AISI (2001) based on the effective 
widths of stiffened and unstiffened elements. The section moment capacity of flexural members without holes that are not 
subject to lateral torsional buckling is computed using Section C3.1.1. Effective yield moment based on section strength, 
Mn, shall be determined as follows; 
 
                          Mn = SeFy                             (1) 
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where, Fy = Design yield point as determined in Section A7.1, Se = Elastic section modulus of effective section calculated 
relative to extreme compression or tension fibre at Fy.. 
The section moment capacity of flexural members with holes that are not subject to lateral torsional buckling is computed 
using Section C3.1.1 of AISI (2001). These design rules recommend the use of an appropriate effective width in the 
calculation of Se to allow for the possible local buckling of the unstiffened element above the web hole in addition to the 
use of net cross-section to allow for the presence of web holes. The section moment capacities (Ms) of the twelve tested 
LSB sections were calculated using the AISI (2001) design rules. A comparison of the section moment capacities from 
FEA, experiments and AISI (2001) are then provided in Table 4. As seen in Table 4, the failure moments of most of the 
test specimens exceeded or/and close to the moment capacities predicted by AISI (2001) using the design rules based on 
the effective width of web elements. Similarly, the ultimate moment of all the finite element analysis results exceeded the 
moment capacities predicted by AISI (2001) based on the effective width of web elements. AISI (2001) design rules 
underestimate the failure moments from experiments and finite element analyses by 3.4% with a COV of 0.099 and by 
4.7% with a COV of 0.0254, respectively. However, by only allowing the presence of web holes and using the full web 
widths above the hole, AISI (2001) design rules overestimate the failure moments by 2.0% with a COV of 0.095 and by 
1.6% with a COV of 0.026. All of these comparisons were made based on the measured dimensions of LSBs from 
Pokharel and Mahendran (2006b). From this comparison, it appears that the use of AISI design rules using a net 
cross-section (to allow for the web holes) with the full width of web elements is adequate to predict the section moment 
capacity of LSB flexural members with web holes, considering also the simplicity of this method.. 
 
Table 4 Comparison of Section Moment Capacities of LSB Flexural Members with Web Holes 
 
uM (kNm) 
AISI 2001
sM  
(kNm) 
오류! 편집 중 
필드 코드에서는 
개체를 만들 수 
없습니다. 
오류! 편집 중 
필드 
코드에서는 
개체를 만들 수 
없습니다. 
LSB 
Sections 
D 
(mm) 
S 
(mm) 
Exp. FEA 
eff. 
width 
full 
width 
eff. 
width 
full 
width 
eff. 
width 
full 
width 
361.11 20.49 23.60 22.50 24.07 1.049 0.980 0.911 0.851 
60 
541.67 22.39 23.65 22.50 24.07 1.051 0.983 0.995 0.930 
361.11 20.68 22.42 22.21 22.43 1.009 0.999 0.931 0.922 
200x45x1.6 
127 
541.67 20.98 22.96 22.21 22.43 1.034 1.024 0.945 0.935 
361.11 46.03 43.82 40.27 43.32 1.088 1.012 1.143 1.063 
60 
541.67 48.88 43.82 40.27 43.32 1.088 1.012 1.214 1.128 
361.11 43.76 42.62 40.07 41.54 1.064 1.026 1.092 1.053 
250x60x2.0 
127 
541.67 44.98 42.70 40.07 41.54 1.066 1.028 1.123 1.083 
361.11 48.71 51.86 49.83 53.99 1.041 0.961 0.978 0.902 
127 
541.67 50.38 51.86 49.83 53.99 1.041 0.961 1.011 0.933 
361.11 35.79 50.52 49.62 52.05 1.018 0.971 - - 
300x60x2.0 
170 
541.67 41.89 50.21 49.62 52.05 1.012 0.965 - - 
      Mean 1.047 0.994 1.034 0.980 
      COV 0.0254 0.026 0.099 0.095 
 
4. Conclusions  
This paper has presented the details of a simplified finite element model used to investigate the plastic bending behaviour 
and section moment capacity of LSB sections with circular web holes. Twelve section moment capacity test models were 
conducted in this study for three LSB sections (200x45x1.6, 250x60x2.0, 300x60x2.0). Three different circular web 
openings of diameter 60 mm, 127 mm and 170 mm with two different spacings of 361.11 mm and 541.67 mm were 
chosen. The inclusion of different combinations of section types, hole size and spacing ensured that the study included 
several practical scenarios. Test and FEA results showed that web hole sizes and spacings had an influence on the section 
moment capacity of LSB sections with web holes. A good comparison of test and FEA results showed that the developed 
simplified finite element model is capable of predicting the section moment capacity of LSB flexural members with web 
holes subject to bending. The section moment capacities from the tests and finite element analyses were also compared 
with the corresponding predictions from AISI design rules. The current AISI design rules were found to be always 
conservative for flexural members with web holes. It appears that the use of effective widths of unstiffened elements 
above the web holes gives conservative predictions. Hence it may be adequate to use the simpler design method based on 
the full width of web elements and a net cross-section to predict the section moment capacity of LSB section with web 
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holes. From this study, it can be recommended that any circular web hole size and spacing that are appropriate to provide 
access for inspection and services can be used in the LSB floor joist systems without any significant loss in the section 
moment capacity. A suitable design method based on the use of section properties of net LSB cross-section has been 
recommended to calculate the section moment capacity. A simplified finite element model capable of predicting the 
section moment capacity of LSB members with circular web holes has also been developed. 
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